] whose pancreatic ␤ cells release TNF and bear CD80 all develop an acute early (6 wk) and lethal diabetes mediated by CD8 T cells. The first ultrastructural changes observed in ␤ cells, so far unreported, are focal lesions of endoplasmic reticulum swelling at the points of contact with islet-infiltrating lymphoblasts, followed by cytoplasmic, but not nuclear, apoptosis. Such double transgenic mice were made defective in either the perforin, Fas, or TNF pathways. Remarkably, diabetes was found to be totally independent of perforin and Fas. Mice lacking TNF receptor (TNFR) II had no or late diabetes, but only a minority had severe insulitis. Mice lacking the TNF-lymphotoxin (LT␣) locus (whose sole source of TNF are the ␤ cells) all had insulitis comparable to that of nondefective mice, but no diabetes or a retarded and milder form, with lesions suggesting different mechanisms of injury. Because both TNFR II and TNF-LT␣ mutations have complex effects on the immune system, these data do not formally incriminate membrane TNF as the major T cell mediator of this acute autoimmune diabetes; nevertheless, in the absence of involvement of the perforin or Fas cytotoxic pathways, membrane TNF appears to be the likeliest candidate.
T ype I diabetes mellitus (T1DM) is a disorder caused by T cell-mediated pancreatic ␤-cell destruction. Direct T cell cytotoxicity is known to involve two major pathways: one involves perforin-granzyme B release and the other depends on FasL molecules borne by cytotoxic lymphocytes (CTL) interacting with Fas borne by the target cells. Other mechanisms have been described that depend on different effectors such as tumor necrosis factor (TNF), lymphotoxin (LT, a membrane molecule made of LT-␣ and -␤ heterotrimers), other TNF family molecules, or cytokines like IFN-␥ and IL1 that are toxic for the target cells. For instance, IL1 is reported to kill ␤ cells in vitro (1, 2) . Indeed, the most frequently incriminated mechanisms of ␤-cell damage in T1DM and in animal models of that disease have involved perforin, Fas, and IL1 (3) (4) (5) (6) (7) (8) .
We (9) and others (10) have developed a transgenic mouse model for T1DM by creating mice expressing two rat insulin promoter (RIP)-driven transgenes, one leading to ␤-cell expression of mouse TNF and the other to ␤-cell surface expression of mouse CD80 (CD80, or B7-1, a costimulator molecule of T cell activation). This T1DM model is characterized by an early age of onset (all are diabetic by 6 wk of age) and by complete penetrance. Transgenic mice bearing either of the transgenes but without the other appear completely healthy and typically conserve normal ␤-cell numbers [although a very small minority, less than 5%, of the RIP-CD80 mice do spontaneously develop insulitis and diabetes (11) ]. Further, although RIP-CD80 mice have normal islets, all RIP-TNF mice display a severe lymphocytic insulitis affecting all islets, indicating that insulitis is not diabetogenic by itself (12) . In mice expressing both transgenes, the insulitis is accompanied by massive ␤-cell destruction. We have previously shown that this diabetes is entirely CD4 T cell-independent, CD8 T cell depletion by monoclonal antibodies fully protecting all TNF͞CD80 transgenic mice from diabetes (9) .
Given the rapid progression toward diabetes displayed by the TNF͞CD80 transgenic mice, they represent a unique opportunity to study the mechanisms by which autoreactive CD8 T cells may induce ␤-cell destruction. We now report the breeding of the TNF͞CD80 double transgenic mice to create mice expressing both transgenes but genetically unable to express either perforin, Fas, or TNF-R II receptors, or unable to express TNF or lymphotoxin-␣ (LT␣) in their lymphocytes. The phenotype displayed by these mice suggests mechanisms that may be involved in the insulitis development and in CD8 T cell-mediated ␤-cell killing.
Materials and Methods
(i ) Mice. Genotyping of the Different Mutant Alleles. The mice used in this study with genetically absent expression of perforin, Fas, or TNF genes had been maintained in the C57BL͞6 genetic background for at least 10 generations (backcrosses). Mice were housed under aseptic conditions in the animal facility of the University of Geneva School of Medicine. All other animals were kept in standard conditions at the same facility. All were fed and watered ad libitum. Euthanasia was performed by cervical dislocation. The different genotypes were determined by PCR on genomic DNA prepared from tail biopsies following standard protocols, i.e., with proteinase-K digestion, phenol-chloroform-isoamyl alcohol extraction, and isopropanol precipitation. The different oligonucleotides to detect each genetic trait are listed below:
RIP-TNF transgene. 5Ј-TAA GGC TAA GTA GAG GTG T-3Ј (on RIP) and 5Ј-GAG AAG AGG CTG AGA CAT AG-3Ј (on TNF).
RIP-CD80 transgene. 5Ј-CAA ACA ACA GCC TTA CCT TCG-3Ј, and 5Ј-GCC TCC AAA ACC TAC ACA TCC-3Ј.
Perforin knockout allele. 5Ј-AGC CCT CCC CCG CAA CTT TAA CAG CTC C-3Ј (exon 3, upstream of the neo cassette), 5Ј-TGG GCA GCA GTC CTG GTT GGT GAC CTT-3Ј (exon 3, downstream of the neo cassette), and 5Ј-ATT CGC AGC GCA TCG CCT TCT ATC GCC-3Ј (on neo gene).
Lymphoproliferation (lpr) mutation. 5Ј-GAT TCC ATT TGC TGC TGT GTC-3Ј (on intron 2, upstream of ETn), 5Ј-TCC AGG CAG AAC TAT TGA GC-3Ј (on ETn), and 5Ј-AGA GAT This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: CTL, cytotoxic lymphocytes; TNF, tumor necrosis factor; LT, lymphotoxin; T1DM, type 1 diabetes mellitus; RIP, rat insulin promoter; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling; TNFR, TNF receptor; mTNF, membrane TNF; sTNF, soluble TNF; ER, endoplasmic reticulum; GP, glycoprotein; LCMV, lymphocytic choriomeningitis virus; lpr, lymphoproliferation.
GCT AAG CAG CAG CCG-3Ј (on intron 2, downstream of ETn).
TNF-RII inactivated allele. As suggested by H. Bluethmann:  5Ј-CCT CTC ATG CTG TCC CGG ATT-3Ј, 5Ј-AGC TCC AGG  CAC AAG GGC GGG-3Ј, and 5Ј-GCG CAT CGC CTT CTA  TCG CC-3Ј.  TNF silenced locus. 5Ј-TGA CAA GCC TGT AGC CCA CGT  CGT AGG-3Ј (exon 3), 5Ј-CTG GAA GAC TCC TCC CAG  GTA TAT GGG-3Ј (exon 4) , 5Ј-ACC TGT CCG GTG CCC TGA ATG-3Ј (on neo gene), and 5Ј-CAA CGC TAT GTC CTG ATA GCG-3Ј (on neo gene).
(ii ) Measurement of Blood Glucose. Blood glucose concentrations were measured weekly by using Hemo-Glucotest strips (20-800R, Boehringer Mannheim) on retroorbital samples harvested from mice fasted for at least 4 hr. Mice were considered diabetic if they had blood glucose values Ն14 mM (300 mg͞dl) for two consecutive measurements. Once harvested, all pancreata were divided into three pieces. One piece was fixed in formalin and embedded in paraffin, one was fixed in 2.5% glutaraldehyde and embedded in epon 812, and one was frozen in methylbutane͞liquid nitrogen and stored at Ϫ80°C before being cut in a cryostat. The aldehyde-fuchsin staining method was used to reveal ␤ cells as well as collagen and elastin fibers (13) ; immunostaining with antiinsulin antibodies, anti-CD4 (GK1.5), anti-CD8 (H-35), and the FITC-conjugated antibodies was described elsewhere (12) . Ultrastructural analysis was done by using standard copper grids in a JEOL JEM-100CX electron microscope. Terminal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling (TUNEL) assays were performed by using a kit (ApopTag, Appligene Oncor, Strasbourg, France; no. S7100) on formalinfixed paraffin sections. Islet-infiltrating CD8 ϩ T cells were quantified by using nine different islet sections from six diabetic TNF͞CD80 mice, 5 to 8 wk of age, and 12 islet sections from three TNF͞CD80͞TNF-LT␣-knockout mice (one of which was diabetic), 6, 12, and 13 wk of age.
Results

(i ) Diabetes Is Not Prevented in RIP-TNF͞CD80 Transgenic Mice Lacking
Perforin. Single transgenic RIP-TNF and RIP-CD80 mice were crossed with perforin-knockout mice (14) to obtain mice heterozygous for the perforin null mutation and bearing either transgene. Such mice were then intercrossed, and eight TNF͞ CD80 mice lacking a functional perforin gene were obtained at the expected 1͞16 ratio. As predicted, one-fourth of the TNF͞ CD80 double transgenic mice obtained were perforin Ϫ͞Ϫ (i.e., 8 mice of 33). All these mice became diabetic by 6 wk of age, as did the 25 TNF͞CD80 littermates that were either wild type or perforin ϩ͞Ϫ. Islets from all the mice, whether perforin deficient or not, displayed comparable pathology by histology, immunofluorescence, and electron microscopy (detailed below).
(ii ) Diabetes Is Not Prevented in RIP-TNF͞CD80 Mice Bearing the lpr Mutation. TNF͞CD80 mice lacking a functional Fas pathway were obtained by introducing the two transgenes in C56BL͞6-lpr͞lpr mice by using the same breeding scheme as outlined above. lpr is an insertion of an early transposable element in intron 2 of the Fas gene (15) . All of 13 lpr mice bearing both transgenes became diabetic as did all double transgenic mice with one or two normal Fas alleles. Histological lesions were identical in the two groups. Table 1) . It has been proposed that TNFR II is the main receptor of membrane TNF (mTNF) and the main mediator of cellmediated cytotoxicity in TNF sensitive cells (16) , whereas the TNFR I receptor is primarily responsible for soluble TNF (sTNF) signaling, although recent evidence suggests that the respective roles of these two receptors may be more complex (17) . No gross phenotype is apparent in TNFR II null mice (18) . None of seven double transgenic mice on the TNFR II null background, obtained by intercrossing as described above, developed diabetes by 6 wk of age. These mice were killed over the ensuing months, whether diabetic or not. Only one became hyperglycemic at 6 mo of age; the six others remained normoglycemic until they were killed at either 2.5, 4, 5, or 6.5 mo of age; insulitis in these mice varied from severe to mild or absent (Table  1) , an unexpected finding because the effects of TNF on endothelial cells appear to be mediated by TNFR I (19) . In contrast, all double transgenic mice heterozygous for the TNFR II mutation developed diabetes by 6 wk of age. Although the variable degree of insulitis make this model insufficiently suitable for more extensive study, these results nevertheless show that, even after CD80-mediated costimulation, islet-infiltrating T cells cannot efficiently kill ␤ cells when TNFR II is missing. Table 2 ). The RIP-TNF and RIP-CD80 transgenes were introduced as described above into mice whose TNF-LT␣ locus had been inactivated (20) . The main phenotype of the TNF-LT␣ Ϫ͞Ϫ mice is the lack of lymph nodes, whose development requires the expression of The diabetic mouse was sacrificed immediately after the detection of hyperglycemia (weekly tests). Diabetic mice were killed immediately after the detection of hyperglycemia (weekly tests).
LT molecules in developing lymphoid structures. In both double transgenic and null mutant mice, the only significant source of TNF is the pancreatic ␤ cell, where the RIP-TNF transgene is expressed. Among the 16 double transgenic and Ϫ͞Ϫ mice obtained, none was diabetic at 6 wk of age. These mice were subsequently killed at different times or immediately after the occurrence of hyperglycemia, when it occurred. In these last cases (eight mice), the hyperglycemia was mild (200-300 mg͞dl) ( Table 2) , in contrast to TNF͞CD80 mice being TNF-LT␣ ϩ͞Ϫ or ϩ͞ϩ, all of which rapidly developed severe hyperglycemia (values Ͼ500 mg͞ml). In all the 16 TNF͞CD80͞TNF-LT␣ Ϫ͞Ϫ mice, whether diabetic or not, and killed as early as 6 wk, mesenteric lymphoid nodes had developed (but peripheral nodes remained absent); this presumably resulted from the high local concentration of sTNF released from ␤ cells, because permanent TNF release favors formation of lymphoid structures (21) . In all these 16 mice, a severe insulitis was observed, entirely comparable in intensity to that of the RIP-TNF single transgenic or TNF͞CD80 double transgenic mice with a normal TNF-LT␣ locus, and with a similar cellular composition, i.e., a predominance of CD4 ϩ cells over CD8 ϩ cells, B cells, and macrophages ( Fig. 1) (9, 12) . Quantification of CD8 ϩ T cell frequency in several double transgenic mice, either TNF-LT␣ ϩ͞ϩ or Ϫ͞Ϫ (and in this last case, either diabetic or not) showed respectively 48 Ϯ 17 and 43 Ϯ 30 cells per islet section. In addition to insulitis, some of the TNF͞CD80͞TNF-LT␣ Ϫ͞Ϫ mice displayed a marked fibrosis that dissociated the islets (Table 2) , resulting in endocrine cell dissemination into small clusters mixed with infiltrating lymphocytes and accumulated collagen ( Fig. 2 C and  D) . This fibrosis was severe in 7 of the 16 mice but did not correlate with diabetes (Table 2 ). In the most affected specimens, the fibrosis extended deeply in the adjacent pancreatic tissue and was associated with the appearance of intrapancreatic adipocytes (Fig. 2D) . A characteristic ultrastructural lesion of ␤ cells was observed in TNF͞CD80 mice around the time of diabetes occurrence. As is shown in Fig. 3 A and B , the endoplasmic reticulum (ER) located just beneath the ␤-cell membrane at a site of close contact with an infiltrating lymphoblast displayed a marked focal dilatation and rounding. The rest of the cytoplasm was otherwise normal (Fig. 3A) , suggesting that this lesion is an early sign of ␤-cell distress. More damaged ␤ cells (Fig. 3C ) displayed a more generalized and marked ER swelling associated with signs of mitochondrial damage, i.e., features compatible with cytoplasmic apoptosis (22) . Surprisingly, the characteristic nuclear features of apoptosis, i.e., chromatin condensation and margination, were absent, even in the most severely damaged cells (Fig. 3 A-C) ; nuclear apoptosis was on the contrary frequently observed in the infiltrating lymphoblasts. This point was confirmed on paraffin-embedded pancreatic sections by using the TUNEL technique and an antiinsulin antibody staining, to identify ␤-cell nuclei. Only lymphocytic nuclei were TUNEL ϩ (128 positive cells scored, from three mice): among 663 ␤ cells analyzed, none was TUNEL ϩ. Similar observations were made in islets from RIP-TNF͞CD80 mice lacking either perforin, Fas, or TNF-LT␣, at different ages (not shown). Focal submembranous cytoplasmic lesions were present in all instances except, interestingly, in the TNF-LT␣ null mice (Fig. 3E) , whereas general cytoplasmic damage and lack of nuclear apoptosis were a constant observation.
Discussion
The RIP-TNF͞CD80 Double Transgenic Mice as a Model of Autoimmune Diabetes. In these mice, the occurrence of diabetes is most likely attributable to TNF-induced insulitis and increased ␤-cell MHC class I expression (23), coupled with CD80-triggered antigenspecific T cell activation via CD28. Consistent with this reasoning, RIP-TNF single transgenic mice develop an early and massive insulitis associated, in the islet capillaries, with endothelial changes involved in lymphocyte extravasation and recirculation (e.g., vascular cell adhesion molecule and glycosylated cell adhesion molecule expression) (ref. 12; P.H. and P.V., unpublished observations). Nevertheless, these mice never develop diabetes and are no more sensitive to some potentially diabetogenic treatments, indicating that exposure to TNF does not by itself make ␤ cells more fragile in general (12) . Similarly, RIP-CD80 single transgenic mice (11, 24) only very rarely develop diabetes and insulitis (less than a 5% lifetime incidence), indicating that potentially autoreactive T cells are harmless if they do not traffic to the tissue where they might encounter cognate antigen (i.e., ''immune ignorance''), or if the cells that might express cognate antigen do so at low density (i.e., ''immune indifference''). Thus, the RIP-TNF͞CD80 double transgenic mouse model for T1DM has two interesting features: it results from autoantigenic stimulation, and the course of the disease is extremely rapid and predictable, with 100% prevalence. This makes it a model of autoimmune illness uniquely suited to study both the type of ␤-cell death and the mechanisms of CD8 ϩ T cell-mediated ␤-cell destruction.
A Special Form of T Cell-Mediated ␤-Cell Apoptosis. ␤-Cell death in various T1DM models has been ascribed to apoptosis (25) (26) (27) (28) (29) . In the RIP-TNF͞CD80 double transgenic mice, electron microscopy revealed that the earliest detectable manifestation of ␤-cell damage was a very localized cytoplasmic process, occurring at the point of intimate contact between the ␤ cell and the infiltrating lymphocyte and characterized by focal swelling and rounding of the most peripheral ER cavities (Fig. 3) . This hitherto unreported observation of ␤-cell structural defects at multiple sites immediately beneath the cell membrane suggests an apoptotic process resulting from local signals received by the cell membrane. More damaged cells showed extensive ER dilatation comparable to that described for enucleated cells undergoing cytoplasmic apoptosis (22, 30) . Surprisingly, the typical nuclear features associated with apoptosis (e.g., chromatin condensation and DNA fragmentation as revealed by the TUNEL technique) were not observed. It should be stressed that these nuclear changes are not necessary for apoptosis. Rather, nuclear apoptosis appears to result from caspase 3 activation, as suggested by its absence in the apoptotic cells of caspase 3 null mice (31, 32) . It may well be that the caspase cascade leading to the accumulation of caspase 3, which is required to achieve marked nuclear damage, is not initiated at a proper pace or is slowed by some inhibitors in this form of ␤-cell cytotoxicity.
␤-Cell Death Occurs in the Absence of Perforin or Fas: a mTNF-Induced
Lesion? When the two transgenes were introduced (by breeding) into mice genetically unable to express either perforin or Fas, diabetes onset occurred as rapidly and its course was as severe as in transgenic mice with intact perforin or Fas genes. It is thus obvious that neither the perforin nor the Fas pathways are required for the CD8 ϩ T cell-mediated ␤-cell destruction in this model. Two alternative possibilities were considered. One is that the perforin and Fas pathways are operative but entirely redundant, each being able to replace the other with equal efficiency. This seems very unlikely because ␤-cells do not bear Fas unless stimulated in vitro with cytokines such as IL-1 (33) (34) (35) . Although this is still disputed, Fas appears to play a minimal role in ␤-cell destruction in nonobese diabetic mice (4, 6, 8 ). An alternative is that CD8 ϩ T cell-induced ␤-cell destruction may be mediated by mTNF molecules borne by the activated CD8 ϩ T cells. mTNFmediated cytotoxicity has indeed been detected in cytotoxic assays in vitro, but only when the perforin and Fas pathways are not operative, namely by using CTL obtained from perforin and gld double mutant mice and by performing more prolonged assays, which suggest that this cytotoxic mechanism acts more slowly (36) . However, T cell TNF synthesis starts a few hours after TCR stimulation in vitro (37) and probably well before a significant amount of perforin is produced, judging from cytotoxic granule development kinetics. We therefore reasoned that incompletely differentiated CD8 ϩ T cells, resulting from limited antigenic stimulation in vivo, might be able to destroy ␤ cells through mTNF.
Lack of Diabetes or Delayed Disease in Double Transgenic Mice
Defective in TNFR II or TNF. It has been proposed that the main target of mTNF is TNFR II (16), TNFR I being the main receptor for sTNF (38) . Although the action of these receptors may in fact be more complex (17) , it is relevant in this respect to note that stimulation of TNFR II may induce apoptosis in cells insensitive to sTNF (39) . We thus generated TNFR II null mice bearing both TNF and CD80 transgenes. We did not anticipate any interference with the sTNF-mediated insulitis because the effect of TNF on endothelial cells has been reported to occur exclusively via TNFR I (19) . None of the seven TNF͞CD80͞TNFR II Ϫ͞Ϫ mice developed hyperglycemia by 6 wk of age, and only one became diabetic at 6 mo, the others remaining normoglycemic until euthanasia for histological analysis at 2.5 and 6.5 mo of age. Surprisingly however, two of these six nondiabetic mice had no insulitis, and a severe insulitis was observed in only one. Thus, although suggesting a role for TNFR II in the ␤-cell destructive process in this T1DM model, these data further indicate that the lack of TNFR II may in some way interfere with endothelial activation. Therefore, this approach did not allow a reliable (A and B, arrows) or extended throughout the whole cytoplasm (C, arrowheads, D and E) together with swelling of mitochondria (C, arrow). There is neither chromatin condensation nor nuclear fragmentation in any of these situations (see the nuclei of ␤ cells, A-E). Bars ϭ 500 nm (magnification is the same for B and D as well as for C and E).
and reproducible way of exploring the putative cytotoxic role of mTNF in this diabetes.
TNF͞LT␣ knockout mice bearing the two transgenes were then studied. In such mice, the only source of TNF is the ␤ cell, through the action of the RIP-TNF transgene; lymphocytes can express neither mTNF nor mLT (which is made of LT-␣ and ␤ molecules). Sixteen of these mice, either normoglycemic or mildly hyperglycemic, were killed between 6 and 19 wk of age. It is essential to stress that all displayed insulitis comparable in kinetics, severity, and T cell composition to that observed in mice with the wild-type TNF͞LT␣ gene locus. This suggests that, in spite of the TNF͞LT␣ null mutation (whose main phenotype is the lack of lymph nodes, the development of which requires the local expression of LT; ref. 20) , these mice have a normal capacity to present local antigen, perhaps because they develop distinct mesenteric nodes (see Results). Because hyperglycemia onset was delayed several weeks or months, these data strongly suggest that mTNF plays a dominant role in the acute ␤-cell destruction observed in mice with an intact TNF͞LT␣ gene locus. sTNF cannot be incriminated because its expression in the islets through the transgene shows that it is not, by itself, toxic for ␤ cells (12) . mLT, acting through the LT-␤ receptor (40) , is not likely to be significantly involved, because its action would not have been prevented in the TNF-R II mutant mice. This interpretation requires some caveats, however. mTNF and LT may be necessary to obtain full CTL maturation or the stimulation of other cells (such as dendritic cells), which could be essential for the eventual complete ␤-cell destruction. Furthermore, prolonged exposure to sTNF has been reported to attenuate TCR signaling in vitro (41) . Such a putative delay in CTL maturation in the defective mice might be accentuated by lower TCR signaling, which would result from permanent exposure to ␤-cellreleased sTNF. This might explain why, although strongly retarded, diabetes can nevertheless occur; the mechanisms involved in this protracted diabetes may thus be those that are also operative in early onset diabetes. However, ultrastructural and histologic observations were not consistent with this hypothesis: lesions of focal submembranous apoptosis, so characteristic of the nondefective transgenic mice, were not observed in several of these mice studied at different ages, and histologic sections showed an unusual degree of islet fibrosis, indicative of a more chronic progressive process. It is thus possible that ␤-cell damage in these mice is mediated not by direct CTL membrane-induced cytotoxicity but through the action of cytokines, such as IL-1 ␤, which leads in vitro to the destruction of ␤ cells, or IFN-␥, both acting by generating reactive oxygen intermediates, in particular nitric oxide (1, 2) . Cell damage created by excessive generation of reactive oxygen intermediates would indeed be more consistent with fibrotic scars than destruction by conventional apoptosis, whose characteristic is to leave very few traces. In conclusion, because the TNFR II and TNF-LT␣ mutations obviously have complex effects on the immune system, it is not possible, on the sole basis of the observations made with mice, to formally incriminate mTNF borne by CTL as the major mechanism of ␤-cell damage in this acute diabetes. Nevertheless, mTNF is the likeliest candidate, or one would have to invoke the action of new membrane molecules of the TNF family. It is of special interest to compare the present model of diabetes with another experimental T1DM in which the antigen is well defined, namely the RIP-LCMV-GP transgenic studied by Zinkernagel, Hengartner, and their colleagues. These mice express in their pancreatic ␤ cells the glycoprotein (GP) of the lymphocytic choriomeningitis virus (LCMV). They do not develop diabetes unless they are extrapancreatically stimulated by GP peptides, thus ␤ cells in this situation act only as targets, not as antigenically stimulating cells (3, 5, 7, 24, (42) (43) (44) . Inoculation of live LCMV represents a very strong antigenic challenge (42) in which CTLp stimulation is achieved by widely disseminated virally infected cells; most of these cells are not specialized antigen-presenting cells and bear no CD80 molecules, but high amounts of GP peptides. Activated CTL then induce diabetes by destroying the GP-bearing ␤ cells by a mechanism that is entirely perforin dependent, because no diabetes occurs in transgenic mice that are also perforin defective (3, 5, 44) . In the case of the RIP-TNF͞CD80 transgenic mice, antigenic stimulation is very different because it occurs, or at least is initiated, in situ where CTLp present locally as the result of the TNF-mediated insulitis make repeated contacts with CD80-bearing ␤ cells and putative autoantigenic peptides. These peptides are probably very diverse, and each is present in small amounts. The ensuing CTLp stimulation, initially made possible because of CD80 costimulation, may consequently be weak, leading to incompletely differentiated CTL that would express little or no perforin, but with a wide range of specificities, presumably much wider than in the case of the GP peptides, which elicit a very clonally restricted response.
In the contrasting conditions of antigenic stimulation between these two experimental T1DM, the rapid destruction of ␤ cells probably results also from different mechanisms: in the case of GP-bearing ␤ cells from a single lethal ''kiss of death'' given by highly differentiated CTLs acting through the release of perforin, and in the case of CD80-bearing ␤ cells from infralethal but nevertheless harmful numerous hits of incompletely differentiated CTLs of diverse specificity acting through their increased expression of mTNF. This hypothesis of multiple sublethal hits, or ''death by multiple little kisses,'' is especially consistent with the striking observation of multiple submembranous sites of ␤-cell cytoplasmic apoptosis described above. On the other hand, when the RIP-GP transgenic mice are stimulated by repeated injections of dendritic cells bearing GP peptides (because of their expression of a GP transgene), diabetes can occur, depending on the timing and dose of the injections (7) . In this situation, the antigenic stimulation is weaker than in LCMV-infected mice, as shown by a much lower CTL activity of, and CTLp frequency in, circulating lymphocytes. However, this protocol of immunization leads to a striking de novo formation of isletassociated lymphoid structures, necessary for diabetes to occur. In transgenic mice, also perforin defective, that are similarly stimulated, diabetes occurs in about half of the cases, showing that, in this model, diabetes is not entirely perforin dependent (7) . It may be speculated that, in the cases where diabetes is perforin independent, its occurrence rests on the action of populations of CTLp expanded in the local lymphoid structures and acting through mTNF (not detectable in the conventional CTL and CTLp assays).
Might Mechanisms of mTNF-Mediated Cytotoxicity Exist in Other Conditions of Autoimmune Diabetes or of Autoimmunity in General?
Diabetes is largely perforin dependent in nonobese diabetic mice, because when perforin is lacking, the frequency of diabetes is markedly decreased and its appearance, when it occurs, markedly delayed (7) . It may be argued that the transgenic expression of CD80, such as used in the present model, is but a very artificial condition to induce an immune response. However, constitutive expression of CD80 has been reported in a number of cell varieties, from keratinocytes (46) to thyroid follicular cells in patients with the autoimmune Hashimoto's disease, and CD80 can be induced in cells stimulated by both TNF and IFN-␥ (45). It is thus conceivable that some conditions of prolonged local inflammation resulting in TNF release may prompt an autoimmune attack, for instance of epithelial cells in the thyroid gland or the skin, by some of the mechanisms discussed above. It has been reported in this respect that susceptibility to various autoimmune diseases is closely linked to the CD152 (formerly CTLA4) gene locus, which is a counter receptor for CD80 (46) (47) (48) (49) (50) .
